The effect of initial oxygen concentration on the rate and extent of oxidation of the respiratory chain carriers of anaerobic mitochondria from mung bean (Phaseolus aureus) seedlings was examined. The substrate was succinate, with malonate added to give malonate to succinate ratios of 6 to 12, thereby minimizing the flow of reducing equivalents from substrate and insuring maximal extent of oxidation of the carriers. The ratio of oxidizing equivalents available from oxygen to reducing equivalents available from reduced ubiquinone, designated the equivalents ratio, varied from 30 to 1. Cytochromes aa3 and C47 have unaltered oxidation half-times, designated tl/2 on, as the equivalents ratio is reduced from 30 to 3, and the extent of oxidation is decreased by about 25%. The time of the oxidation-reduction cycle induced by the oxygen pulse, calculated from the point of half oxidation to that of half reduction and designated t1/2 off, decreases 200 fold with this reduction in equivalents ratio. The oxidation half-time, t1/2 on, for ubiquinone is unaltered by decreasing the equivalents ratio from 6 to 1; the value of ti/2 off decreases only 30% while the extent of oxidation decreases 50%. The values of ti/2 on and ti/2 off and the extent of oxidation of cytochrome bw5 and flavoprotein Fpha were all much reduced at low equivalents ratios. The results, plus results from previous studies, indicate that there is the following linear sequence of components in the plant respiratory chain:
ubiquinone component in mung bean (Phaseolus aureus) mitochondria has been shown to consist solely of the ubiquinone with 10 isoprenyl residues, UQ-102 (3). Earlier work done in this laboratory (20, 38) had shown that at least one flavoprotein component in both mung bean and skunk cabbage (Symplocarpus foetidus) mitochondria, designated Fpha, makes up about half of the flavoprotein pool; it is closely associated with UQ and one of the cytochromes b, namely cytochrome b,. A high potential fluorescent flavoprotein, designated Fphf, was also postulated. This component was shown not to be a single flavoprotein when the technique developed by Dutton (18) for measuring midpoint redox potentials of the respiratory chain carriers under strictly anaerobic conditions was applied to the flavoprotein component of skunk cabbage mitochondria (41) . This study showed that Fpha is a high potential flavoprotein with a midpoint potential, Em7.2 = + 110 mv. It also showed, however, that there is but one highly fluorescent flavoprotein, Fplf, with a low midpoint potential Em7.2 = -155 mv. The proposed flavoprotein Fphf was operationally defined as that fluorescent flavoprotein in energy-depleted mitochondria which is reduced by succinate in anaerobiosis. It is evident from the flavoprotein redox potential measurements and from more recent work on reversed electron transport in mung bean mitochondria (42) , that Fplf is partially and slowly reduced in energy-depleted mitochondria. Associated with this reduction is the reduction with a similar time course of two absorbing but nonfluorescent flavoproteins, Fpma with En1 2 = +20 mv, and Fp,a with Em.72 =-70 mv. Fpma is present in greater amount and accounts for about two-thirds of the absorbance change associated with these two flavoproteins.
The kinetics of electron transport between these various components has been approached by inducing transitions in the redox state of the respiratory chain carriers, either by addition of substrate pulses to aerobic mitochondria (38, 39) , or by addition of oxygen pulses to anaerobic mitochondria (20, 35, 44) . The latter technique, extensively developed by Chance (9, 12, 14, 15, 17) , has proved very useful in the study of plant mitochondria, as demonstrated particularly by the work of Chance and Hackett (15) and Chance and Bonner (13) with skunk cabbage mitochondria, and more recent work in this laboratory with these (20, 44) and with mung bean mitochondria (35) (36) (37) (38) .
The data obtained in our early kinetic studies of oxygen pulse experiments with skunk cabbage mitochondria led us 2Abbreviations: UQ: ubiquinone; UQ-10: the isomer of ubiquinone with 10 isoprenyl residues in the side chain; Em7.2 midpoint oxidation/reduction potential at pH 7.2; 1799: bis(hexafluoroacetonyl)acetone; M.B.M.: mung bean mitochondria; SDH: succinate dehydrogenase. 95 (44) to postulate that the flavoprotein and the cytochromes b acted as part of a linear enzyme sequence in the respiratory chain, but that UQ was located on a side path. This postulate derived from application of the ordering theorem developed by Higgins (27, 28) for multienzyme systems in which the enzymes react in a linear array. The theorem is applicable to cyclic perturbations of the linear enzyme system, in which the enzymes pass from an initial state to the perturbed steady state, then return to their initial state. The system is of the form A -* B -e C -> S, where A, B, and C are the enzymes and S is the substrate added to perturb the system. Two time parameters are used to characterize the response of a given enzyme in the linear sequence to a cyclic perturbation: t112 n, which is the half-time to the perturbed steady state from the initial state; and tl/2 ff, which is the time required to reach the state of half return to the initial state as measured from tl/2on.
The parameter t1,2 off is the characteristic cycle time for the perturbed enzyme. The ordering theorem of Higgins states that, for a multienzyme sequence ABC interacting with substrate S in the order A -e B --C --S, the t1/2 off parameters are ordered with t1/2 off (C) < t1/2 off (B) < t11/2 off (A). The ordering theorem is not completely general but computer simulation shows that extreme conditions must obtain for disordering to be observed. The same ordering is also usually observed for t:1/2n, although the theorem does not predict this except for very short times after the system is perturbed. The theorem does predict that, in the system above, the enzyme farthest removed from the perturbing substrate S, namely A, will show the greatest lag time before undergoing its characteristic change after the system is perturbed.
In analyzing oxygen pulse experiments in terms of the theorem, the perturbing substrate S is oxygen and the respiratory chain enzymes are A, B, C. These experiments are carried out in the presence of a substrate dehydrogenase inhibitor (e.g., malonate with succinate), so that the carrier is fully oxidized in the aerobic steady state. The parameter t,12 on is the half-time required to go from the fully reduced state to the fully oxidized state and is the characteristic time for maximal rate of electron transport from the carrier. The parameter t1/2 off is the time, measured from tl2 n,which is required for the carrier to reach the point of half reduction as it passes from fully oxidized in the transient aerobic steady state to fully reduced in anaerobiosis. In the earlier oxygen pulse experiments with skunk cabbage mitochondria (44), we found that the half-time t00,,n for oxidation of flavoprotein was less than that of ubiquinone, while t1/2 of f, as defined above, was less for ubiquinone than for flavoprotein. This situation would imply that one of the two components be outside of the linear array.
At that time, however, we had not yet appreciated that the flavoprotein component was so complex, and that part of it was rapidly reduced in such oxygen pulse experiments while another part was slowly reduced (20 Malonate is present at high concentration relative to succinate so that reducing equivalents enter the respiratory chain through succinate dehydrogenase at a very slow rate. Under these conditions, the kinetics of the oxidation and subsequent reduction of the carriers induced by the oxygen pulse will respond to the initial oxygen concentration, depending on their position relative to cytochrome oxidase and to the inhibited succinate dehydrogenase. This technique has been used by Chance and co-workers (9, 16, 17, 48) with mammalian mitochondria. In the work reported here, the technique was applied to mung bean mitochondria depleted of endogenous energy stores by aerobic incubation with ADP and Pi in the presence of uncoupler.
MATERIALS AND METHODS
Mitochondria were prepared from the excised hypocotyls of 6-day-old mung bean (Phaseolus aurelus) seedlings, following the method described by Bonner (7) and Ikuma and Bonner (29) , as modified by Storey and Bahr (44 The respiratory activity and respiratory control quotient of each mitochondrial preparation were determined polarigraphically as described by Estabrook (24) (20, 35, 36, 44 (35) in anaerobiosis with succinate as substrate. The absence of the appropriate absorbance maximum for this cytochrome in a reduced minus oxidized difference spectrum is evidence that the mitochondria have been well depleted.
Such a difference spectrum for depleted mung bean mitochondria reduced with succinate, spanning the ultraviolet and Soret region of the spectrum, is shown in Figure 1 . Substantial reduction of ubiquinone is evident from the absorbance minimum at 273 nm and maximum at 295 nm; the total absorbance change is comparable in magnitude to that of the cytochromes in the Soret region. The maximum at 424 nm corresponds to reduction of both cytochromes b, and b,z,; the absence of a maximum at 429 nm shows that bz, remains largely oxidized. The absorbance maxima at 438 and 443 nm (marked), the shoulder at 417 nm and minima at 464 nm (unmarked) (20, 36) . In this paper, the term "flavoprotein" is used for FphO, and Fpm. plus Fpa,, these being differentiated where indicated.
Comparison of Cytochrome and Flavoprotein Oxidation
Rates. The effect of changing the initial oxygen concentration from 19 /IM to 1.9 feM on the oxidation of cytochromes aa3 and cytochrome c,,7 in mung bean mitochondria can be seen in Figure 2 . At both concentrations of oxygen, the oxidation of cytochrome aa3 is so rapid as to be complete in the continuous flow mode within the 13 msec resolving time of the rapid mixing flow apparatus as used in this experiment. The extent of oxidation of the cytochromes aa3 at the lower oxygen concentration is 70% that at the higher concentration. Since the oxidation half-time for cytochrome a3 is 0.9 msec compared with 2.0 msec for cytochrome a (37), the lesser extent of over-all oxidation is largely attributed to a decrease in the extent of oxidation of cytochrome a. At the higher oxygen concentration, there is a further, slower oxidation as the aerobic steady state is attained (Fig. 1A) . At the lower oxygen concentration, however, this component is oxidized to a limited extent (Fig. iB) Figures 2C, 3 A and C. The cycle observed for cytochrome b55,7 on addition of 1.9 AM 02 iS shown in D, and was recorded simultaneously with the record of Figure 3D. aa, under these conditions. A similar time course is observed for cytochrome c>,,-( Fig. 2C and 2D) .
The comparable set of experiments with flavoprotein and the cytochromes b is shown in Figure 3 . At the higher oxygen concentration, the time course of the absorbance change 468 to 493 nm corresponding to flavoprotein oxidation has a halftime of 200 msec (Fig. 3A) . This is in accord with previous measurements of the oxidation half-time for flavoprotein in both mung bean (44) and skunk cabbage (20) mitochondria. At the lower oxygen concentration, the oxidation of the flavoprotein is but 40% complete (Fig. 3B) The wavelength pair 560 to 570 nm monitors the absorbance changes due to cytochrome b,.,, with some contribution from b. and, under these conditions, little contribution from b.2. At both oxygen concentrations, a rapid oxidation, about 75% complete within 13 msec, is recorded, corresponding to the known fast oxidation of cytochrome b.7 with a half-time of 6 to 8 msec (20, 35) . At the higher oxygen concentration, (Fig. 3C) , the rapid oxidation is followed by a slower one with a half-time of 160 msec; on the basis of previous work (35) , this is attributed to cytochrome b5,. At the lower oxygen concentration (Fig. 3D) , the rapid oxidation of cytochrome b-7 is complete, but that of cytochrome b. is not. A true steady state is not achieved, and the value of t1/2 ff is 500 msec, only slightly greater than that observed for cytochrome c.4 under the same experimental conditions (Fig. 2D) .
The complete time course of the oxidation-reduction cycles induced by 19 yM oxygen for cytochromes c>,7, flavoprotein, and cytochrome b,-7 are shown in Figure 4A , B and C, respectively. These were recorded simultaneously with the records of to that shown for cytochrome C,,4,.) The time course of flavoprotein reduction is biphasic, with a rapid phase of reduction followed by a slower one. This result is in accord with previous results obtained with mitochondria from both skunk cabbage (20) and from mung bean seedlings (38) . The rapidly reduced component is now recognized to be Fp5. which accounts for 45% of the absorbance change, and the slower component is Fp,,,., + Fpla accounting for the balance of the absorbance change. Similarly, the cycle of oxidation aand reduction of cytochrome b,,-,, is somewhat biphasic, as expected from previous work. The slow phase of reduction of cytochrome b,, is still observed at 1.9 yM 02 and is shown in Figure 4D . The value of tl/2 Iff for this cycle is estimated at 15 sec.
Comparison of Ubiquinone and Flavoprotein Oxidation
Rates. The time course of the oxidation of UQ in mung bean mitochondria at three different initial oxygen concentrations is shown in Figure 5 . The manually operated, rapid mixing flow apparatus with 0.1-cm light path (11) was used for these experiments carried out in the ultraviolet region of the spectrum, and a more concentrated mitochondrial suspension was used than in the experiments of Figures 1, 2 , and 3. This concentration of mitochondrial protein yields a suspension effectively 5 /AM in UQ, using the average figure of 1.4 nmole UQ/mg of protein for these mitochondria (46) . Since UQ is a two electron carrier, this corresponds to 10 ,teq/l. In the experiment of Figure 5A , the initial concentration of oxygen, a four electron oxidant, is 14 /M, corresponding to 56 fteq/l. This is nearly a 6-fold excess over the equivalents available in reduced UQ under the experimental conditions. In the experiment of Figure 5B , the initial oxygen concentration corresponds to about 28 Ieq/1, or nearly a 3-fold excess over the equivalents in reduced ubiquinone; this is the experimental condition comparable to that in the experiments of Figures  1, 2 and 3 . In the experiment of Figure 5C , the initial oxygen concentration corresponds to about 11 ,ueq/l, which is approximately equal to the equivalents available in reduced ubiquinone and less than the sum of the equivalents available in all the reduced carriers of the respiratory chain. At 14 -M oxygen concentration (Fig. 5A) , UQ is oxidized, after a characteristic lag of nearly 100 msec, with a t112 of 300 msec; at 7 /uM oxygen concentration (Fig. 5B) , t1120n is still 300 msec but the extent of oxidation is 70%; at 2.8 juM oxygen (Fig. 5C ), the extent of oxidation has decreased to 50% with t112 still 300 msec. The half-time for ubiquinone oxidation is unaffected by the initial oxygen concentration, but as this initial concentration drops below the concentration of reducing equivalents available in the respiratory chain carriers of the mitochondria suspension, the extent of UQ oxidation is reduced accordingly. The full cycle of oxidation and reduction observed in the three oxygen pulse experiments of Figure 5 are shown in Figure 6 . In all three records, the time course of UQ reduction is qualitatively similar. The t1,2 off is a function of initial oxygen concentration, but decreases only from 122 sec to 75 sec on decreasing the equivalents excess from 6 to 1. This result is consistent with the reduction rate being determined by the highly inhibited succinate dehydrogenase.
The time course of flavoprotein oxidation was also measured with the more concentrated mitochondrial suspension used for the UQ measurements. The absorbance change at 468 to 493 nm at 14 /uM initial oxygen concentration, recorded on a rapid time scale (Fig. 7A) , yields a half-time for the oxidation of 250 msec, close to that recorded in Figure 3A ; the slight increase reflects the lower temperature at which this experiment was carried out. The full cycle of oxidation and re-reduction obtained with the highest initial oxygen concentration of 14 juM is shown in Figure 7B . As with the experiment of Figure  4A , the reduction of flavoprotein is biphasic with a rapid and slow phase. The t1,2 off estimated for the rapid phase is 45 sec, that for the slow phase is 105 sec; the former is attributed to Fph0, the latter to Fpma plus Fpi.. Figure 3B ; the estimated t1/2 off is 14 sec. The extent of oxidation drops to a maximum of 25% at 2.8 j/M oxygen (Fig. 7D ).
Under these conditions, reliable values for half-times cannot be estimated. The components being oxidized are most probably the low potential flavoproteins; as in the experiment of Figure 3B , little, if any, Fpha, is oxidized. A summary of the observed values of t212on and t1/2 off and extent of oxidation of the various carriers determined in these experiments is presented in Table I (Fig. 7D) . Also included in this group is the slowly oxidized component of the c cytochromes seen in Figure 2C , but missing from Figure 2D . This component has a difference absorbance maximum at 552 nm at room temperature, as deduced from earlier kinetic studies (35) . It also appears from potential measurements that the midpoint potential Emn.2 is +75 mv, as is that of cytochrome bim (19) . It is not, however, sensitive to inhibition by antimycin A. At present, this cytochrome poses something of a mystery. The third group consists of ubiquinone, whose rate of oxidation-as measured by t1/2 n0-and rate of rereduction-as measured by t1/2 off is almost unaffected by the equivalents ratio, but whose extent of oxidation is halved in decreasing the ratio from 6 to near 1.
The three groups of carriers can be ordered in a linear sequence on the basis of their response to the equivalents ratio with the aid of the ordering theorem of Higgins (27, 28 (48) has successfully carried out an oxygen titration on rat liver mitochondria treated with antimycin A to obtain the number of reducing equivalents in the terminal region of the respiratory chain. A larger number of equivalents are involved in the UQ/Fp/b region, and for this reason we were unable to get a satisfactory oxygen titration of this part of the respiratory chain of mung bean mitochondria.
The experiment of Figure SC , in which the initial oxygen concentration yields 11 ,teq/l of oxidizing equivalents to 10 ,ueq/l of reducing equivalents provided by reduced ubiquinone provides at least an approximate estimate of the number of reducing equivalents between UQ and oxygen. The oxygen concentration in the medium mixed with the mitochondria corresponded to air saturation and thus is less subject to drift and known with better accuracy. The extent of oxidation of reduced ubiquinone in this experiment is 50%. This corresponds to 5 ,ueq/l of oxidizing equivalents consumed, leaving 6 ,ueq/l, respectively, to account for the other carriers. This corresponds to 1.7 neq/mg protein. (27, 28) to the oxidation and reduction kinetics of UQ reported here and in previous papers (36, 39, 44) (21, 22) have proposed for it in mammalian mitochondria, namely the link between the dehydrogenases and the cytochromes b of the respiratory chain. There are some differences, however. The flavoprotein Fpha has no obvious counterpart in mammalian mitochondria, and it is between this component and the dehydrogenases that ubiquinone acts as a two-electron transfer agent. There is also no evidence thus far in these mitochondria for the regulatory function of UQ which has been shown to occur in heart muscle particles by Ernster and co-workers (23, 33) . While the extent of interaction of ubiquinone with other flavoprotein components has not yet been established, it seems clear that its function is the rather simple one of transport of electrons in two-electron packets between the flavoproteins of the plant respiratory chain.
